We have carried out a study of temperature evolution during thermonuclear bursts in LMXBs using broad band data from two instruments onboard BeppoSAX, the MECS and the PDS. However, instead of applying the standard technique of time resolved spectroscopy, we have determined the temperature in small time intervals using the ratio of count rates in the two instruments assuming a blackbody nature of burst emission and different interstellar absorption for different sources. Data from a total of twelve observations of six sources were analysed during which 22 bursts were detected. We have obtained temperatures as high as ∼3.0 keV, even when there is no evidence of photospheric radius expansion. These high temperatures were observed in the sources within different broadband spectral states (soft and hard).
INTRODUCTION
Thermonuclear X-ray bursts due to unstable nuclear burning of hydrogen and/or helium (Joss, 1977; Lamb and Lamb, 1978; Lewin et al., 1993 Lewin et al., , 1995 Strohmayer and Bildsten, 2006; Bhattacharyya, 2010) have been observed in nearly 80 neutron star low mass X-ray binaries (Liu et al., 2007; Galloway et al., 2008) . These bursts offer a useful tool for the measurement of neutron star parameters (Bhattacharyya, 2010) . Time resolved spectroscopy during bursts have been performed for many sources for the determination of neutron star radius by assuming that the entire surface emits in X-rays (e.g., van Paradijs, 1978; Galloway et al., 2008; Güver et al., 2012b) . The background subtracted continuum spectra during these bursts are often fit using Planck (blackbody) function. The persistent emission prior to the burst is subtracted as background (Galloway et al., 2008; Bhattacharyya, 2010) . In time resolved spectroscopy of the photospheric radius expansion bursts, when the photosphere falls back to the neutron star surface, the temperature has the highest value and the blackbody normalisation has the lowest value, which is also called the touchdown (e.g., Damen et al., 1989; Kuulkers et al., 2003) . Time resolved spectroscopy during the cooling phase after the touchdown is the most widely used method for neutron star radius measurement (e.g., Lewin et al., 1993; Özel, 2006; Galloway et al., 2008; Özel et al., 2009; Güver et al., 2010a Güver et al., ,b, 2012b . The scattering of photons by the electrons and frequency dependence of the opacity in the neutron star atmosphere harden the spectrum, and shift it to higher energies (London et al., 1984 (London et al., , 1986 Syunyaev and Titarchuk, 1986; Ebisuzaki and Nakamura, 1988; Titarchuk, 1994; Madej et al., 2004; Majczyna et al., 2005; Bhattacharyya, 2010) . Therefore, it is believed that the effective temperature is substantially smaller than the temperature obtained from the blackbody fit (e.g., Ebisuzaki et al., 1984; Galloway et al., 2008) . The observed color temperature and flux is associated with the blackbody radius through R ∞ = (F ∞ /σT Lewin et al., 1993) . Here, F ∞ is the observed flux, T ∞ is the blackbody temperature measured at infinity and d refers to the source distance. The neutron star radius is estimated from the blackbody radius (R BB ) via the following equation.
where, z is the gravitational redshift and f c is the color correction factor which is defined as the ratio of color temperature (T c ) and the effective temperature (T ef f ) of the star (London et al., 1986; Madej et al., 2004; Majczyna et al., 2005; Suleimanov et al., 2011a Suleimanov et al., , 2012 . Color correction factor varies as a function of effective temperature and also depends on effective gravitational acceleration, which determines the density profiles of the atmospheric layers (Güver et al., 2012b) . It has been found that X-ray burst cooling properties are dependent on the accretion rate and the spectral states (Suleimanov et al., 2011b; Kajava et al., 2014) . Though a color correction factor close to 1.4 has often been used (Madej et al., 2004; Majczyna et al., 2005) , the most recent calculations by Suleimanov et al. (2012) suggest that f c is in range of 1.8-1.9 when the luminosity is close to Eddington luminosity (L Edd ) and its value decreases to a range of 1.4-1.5 with the subsequent fall to ∼ 0.5 L Edd . Assuming a constant value of color correction factor may lead to systematic change in inferred apparent surface area (Güver et al., 2012b) . Hence, this is one of the sources for systematic uncertainity while measuring the radius of a neutron star from X-ray bursts.
Even if a blackbody model provides a good fit for the time resolved burst spectrum that is often measured with the proportional counters, Nakamura et al. (1989) have reported deviations from a blackbody. The authors observed a high energy tail during bursts and have interpreted it as a result of comptonization of the burst emission by hot plasma surrounding the neutron star. For a peak temperature close to 2.5 keV, the emission peaks at 2.8×kT, i.e 6-7 keV. Therefore, in addition to the RXTE -PCA we expect to detect the bursts even with high energy instruments like BeppoSAX -PDS, Suzaku-PIN, NuSTAR. However, simultaneous data at energies below 10 keV with sufficient time resolution is also required to measure the temperature evolution and this is possible with the MECS of BeppoSAX and also with NuSTAR. Barrière et al. (2014) , using NuSTAR data have reported a Type-I burst in GRS 1741.9-2853 that was found to be 800 seconds long with mild Photospheric radius expansion (PRE). The peak temperature of this burst was found to be 2.65±0.06 keV.
A large fraction of all the burst temperature studies have been done with RXTE-PCA in the energy range of 3-25 keV. We have estimated the temperature evolution in short intervals during bursts that were observed with BeppoSAX. We performed studies of bursts using the two instruments MECS and PDS onboard BeppoSAX. Since BeppoSAX data have lower count rates than RXTE-PCA we have used a new technique for measuring the temperature evolution. If a blackbody spectrum with a fixed absorption column density is fitted to the time resolved spectra, the temperature obtained is a function of the ratio of the count rates in two energy bands. Therefore, instead of a spectral fit of data with low statistical quality, we have used the hardness ratio (HR) to determine the temperature evolution. The paper is organised as : the second section describes the observations and data reduction procedure, the third and fourth sections describe the calibration and timing studies performed. The last section is dedicated to the implications of the results achieved.
OBSERVATIONS AND DATA REDUCTION
BeppoSAX had four co-aligned narrow field instruments (NFI) (Boella et al., 1997) and a Wide Field Camera (WFC) (Jager et al., 1997) . The four NFIs are: i) The Medium-Energy Concentrator Spectrometer (MECS) that consists of three grazing incidence telescopes each with an imaging gas proportional counter that work in 1.3-10 keV band (Boella et al., 1997) , ii) The Low-Energy Concentrator Spectrometer (LECS), consisting of similar kind of imaging gas scintillation proportional counters but with an ultra-thin (1.25 µm) entrance window and working in the energy range of 0.1-10 keV (Parmar et al., 1997) , iii) The High Pressure Gas Scintillation proportional Counter (HPGSPC, 4-120 keV; Manzo et al. (1997) ) and iv) The Phoswich Detection System (PDS, 15-300 keV; Frontera et al. (1997) ). The HPGSPC and PDS are non-imaging instruments. The PDS detector is composed of 4 actively shielded NaI(Tl)/CsI(Na) phoswich scintillators with a total geometric area of 795 cm 2 .
Bursts were clearly detected over the entire energy range of 1.8-10 keV of MECS while in the case of PDS, most of the bursts were noticable only upto 30 keV, i.e. in the energy range of 15-30 keV. Therefore, we selected these two energy bands for estimating the hardness ratio.
We considered only those sources and observations for which bursts were observed simultaneously in MECS and PDS. We have found a total of 22 bursts in 6 sources. The log of observations is given in Table-1. Since MECS 2 and MECS 3 data were available for all sources considered, we merged data from both these MECS. HEASOFT-6.12 and SAXDAS (version 2.3.3) were used for reduction and extraction purposes.
Subsequently, the merged MECS event data files were used for extraction of light curves with a binsize of 0.5 seconds using the ftools 1 task xselect. The source radius of 4 ′ corresponding to ≃95 % of the instrumental Point Spread Funcions was selected and appropriate good time intervals (GTI) were applied. The light curves were restricted to the energy band 1.8-10 keV using appropriate energy filters. In case of PDS, the SAXDAS programs saxpipe and pdproducts were used for creating the light curves with a bin time of 0.5 seconds. Figure-1 shows the time series for all the sources including about 100 secs of data before and after the bursts. It is evident from the light curves shown in Figure- 1 that the persistent emission is stable before and after the burst. An interesting feature seen in one of the sources is the double peaked behaviour of the burst profile from PDS data of the source SAX J1747-2853 (Observation ID-210320013). However, this feature was not seen in the light curve created using MECS data. The burst profile of the same source created using the WFC data also showed a prominent double peaked behaviour in the high energy band (8-28) keV (Natalucci et al., 2000) . Similar kind of bi-horned profile from the Xray burst in the higher energy band (PDS) has also been observed in X 1724-308.
We subtracted the average pre and post burst count rates to obtain only the burst profile in the two energy bands, namely 1.3-10 keV and 15.0-30.0 keV. These burst profiles were then used to calculate the Hardness Ratio (HR) which is defined as ratio of count rates between two instruments PDS and MECS near the peak of these bursts (see, Figure- 2).
A burst in 4U 1702-429 showed the maximum value of the hardness ratio of the order of ∼0.9±0.1. The three bursts in MXB 1728-34 reached a value upto ∼ 0.7±0.1 in the hardness. The burst obtained from the observation (ID-210320013) of SAX J1747-2853 in which PDS profile showed a double peak behaviour, the highest value seen was ∼0.95±0.18. However, the maximum value was close to 0.5±0.1 in the burst obtained from the other observation (ID-21032001) of SAX J1747-2853. For the bursts from the sources namely, SAX J1748.9-202, X 1724-308 and GS 1826-238, the highest values obtained for hardness ratio was close to 0.3±0.1. 
Temperature Measurements
Subsequently, after finding the values of hardness ratios during different bursts in various sources, we aim at finding the corresponding temperatures. Using the assumption that during thermonuclear bursts, neutron star emits like a blackbody, the hardness ratio, in principle can be directly converted to a corresponding blackbody temperature. We simulated the absorbed blackbody spectrum using XSPEC. The response files of MECS 2, MECS 3 and PDS released by BeppoSAX Science Data Center (SDC) in 1997 along with corresponding ancillary files were used for this purpose. The simulated spectra at different temperatures were used to calculate the expected hardness ratio between two instruments at different blackbody temperatures for N H values appropriate for different sources. For the simulation we have used the bbodyrad model multiplied with interstellar absorption component phabs which is available as a standard model in XSPEC 2 . The spectrum was simulated for temperature values between 0.1-3 keV. Initially, we started with hydrogen column density (N H )=0.1×10
22 for obtaining the Temperature (T) versus Hardness ratio (HR) curve (see Figure-3 ). Miller, Cackett, and Reis (2009) using high resolution grating spectra showed that individual photoelectric absorption edges observed in X-ray spectra of a number of X-ray binaries are independent of their spectral states. Thus, one could fix the values of absorption in the interstellar medium to the previously known values. For this reason we have fixed the values of N H to those of the the non-burst spectra from the same set of observations. These values are given in Table- 1. Using these respective values for each source we obtained the values of temperature corresponding to their hardness ratio (see Figure-4 ). Next, using these simulated curves we measured the temperature evolution of all the bursts (Figure-5 ). Spline interpolation was used for the estimation of the temperatures. Errors on the temperature were estimated by propogating errors on the count-rates. From Figure-5 , it is interesting to notice that the bursts in 4U 1702-429 with the maximum HR ratio values close to ∼0.9±0.1 showed a temperature as high as 3.0±0.1 keV. Here, we would like to mention that Güver et al. (2012b) discussed the bursts from 4U 1702-429 observed with RXTE (not the same bursts reported here from BeppoSAX ) and found that a blackbody does not provide a good fit for these bursts which have low peak flux. The maximum temperature seen in the bursts from 4U 1728-34 was ∼ 2.7±0.1 keV. The burst from the source SAX J1747-2853, that showed a double peaked burst profile in PDS exhibited a temperature upto 2.7±0.1 keV while the remaining bursts had highest temperatures close to 2.2±0.1 keV. The occurrence of high temperatures in some of the bursts was in agreement with those observed with RXTE -PCA (see, e.g., Boutloukos et al., 2010) . We further investigated the spectral states of the sources that showed temperatures in the range of 2.5-3.0 keV. During the BeppoSAX observations 4U 1728-34 (Di Salvo et al., 2000) and SAX J1748.9-202 (in 't Zand et al., 1999b) were in soft spectral state while 4U 1702-429 (Church et al., 2014) , SAX J1747-2853 (Natalucci et al., 2004 ), GS 1826 -238 (in 't Zand et al., 1999a del Sordo et al., 1999; Cocchi et al., 2001 Cocchi et al., , 2011 , X 1724-308 (Guainazzi et al., 1998) were in hard spectral state. An interesting feature to note from all the studies carried out by different authors using the narrow field instruments (NFI) on-board BeppoSAX was that the persistent emission was modelled as comptonized spectrum.
Summary and Discussions
We have presented an analysis of 22 X-ray bursts from 6 LMXB systems using the data from the two instruments MECS and PDS onboard BeppoSAX.
The maximum allowed value of effective temperature for Eddington limited luminosity is expected to be close to 1.7 keV for a neutron star surrounded by an atmosphere of fully ionised hydrogen (Lewin et al., 1993) . If the effective temperature exceeds 2.0 keV for a neutron star surrounded by an atmosphere of fully ionised helium, the radiative flux is greater than Eddington flux (Boutloukos et al., 2010) . Hence an effective temperature greater than 2 keV is not expected in the thermonuclear bursts. However, we have found that temperatures attain values as high as ∼3.0 keV in some of the bursts.
It is believed that bursts occuring during different states (hard or soft) exhibit a different behaviour. During a soft state, bursts do not follow theoretically predicted NS atmospheric models (Poutanen et al., 2014; Kajava et al., 2014) . To our surprise, it was found that the two sources 4U 1702-429 and 4U 1728-34 that showed temperatures greater than 2.7 keV were in different spectral states, 4U 1702-429, in a hard state while 4U 1728-34 was in a soft state. Two spectral states are believed to occur because of a change in the accretion geometry (Kajava et al., 2014) . It is even more difficult to understand a large effective temperature of some of the bursts in two different spectral states, when the comptonisation effects would be different. We note that usefulness for radius measurement of the X-ray bursts in soft state has already been questioned (Poutanen et al., 2014; Kajava et al., 2014) .
A considerable contribution from comptonisation of the persistent emission or a deviation from a true blackbody spectrum may lead to the high temperatures measured in the case of the burst from SAX J1747-2853. This is also quite evident from the presence of a double peaked burst profile only in PDS data. Alternatively, there also seems to be a type of bursts where the color temperature exceeds 2.5 keV in the same way as expected from PRE bursts but the corresponding normalisation does not vary much (eg. Kaptein et al., 2000; van Straaten et al., 2001 ). This kind of peculiar behaviour is believed to be due to sudden change in the color correction factor. Boutloukos et al. (2010) have also discussed the temperatures greater than 2 keV during bursts with no evidence of radius expansion in them, implying super-Eddington fluxes. The same authors suggest that these high temperatures could be due to comptonization of the surface emission that alter its spectrum as well as the relation between energy flux and apparent surface area. The thermonuclear bursts detected with BeppoSAX provide evidence of a significantly higher temperature of the bursts than expected or a significant deviation from blackbody spectrum, perhaps by the process of comptonisation , which is evident in the persistent emission during the same observations. Damen, E., Jansen, F., Penninx, W., Oosterbroek, T., van Paradijs, J., Lewin, H. G., Mar. 1989 . Non-Planckian behaviour of burst spectra -Dependence of the blackbody radius on the duration of bursts. MNRAS237, 523-531.
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